Purpose: Homozygosity mapping is an effective approach for detecting molecular defects in consanguineous families by delineating stretches of genomic DNA that are identical by descent. Constant developments in next-generation sequencing created possibilities to combine whole-exome sequencing (WES) and homozygosity mapping in a single step.
INTRODUCTION
Gene hunting for autosomal-recessive (AR) disorders in consanguineous families is largely facilitated by a positional cloning technique known as homozygosity mapping. 1 In contrast to classical linkage analysis, in which multiple patients in several generations of a family are needed to obtain conclusive results, homozygosity mapping allows the study of small families with only a few affected individuals. This approach has been applied successfully for the identification of genetic defects in families from isolated geographic areas, 2 ethnic minorities, 3 and even outbred populations. 4 Homozygosity mapping is based on the principle that the affected children of a consanguineous marriage are likely to have inherited the same mutation from a recent common ancestor, passed on by both parents on the same chromosomal segment, referred to as "identical by descent. " 1, 5 Detection of homozygous genomic regions would limit the number of loci that are potentially involved in the etiology of the particular disease, thus facilitating the mapping of the AR causative variant.
Genomic runs of homozygosity (ROH) can be detected by genotyping polymorphic markers, such as short tandem repeats or single-nucleotide polymorphisms (SNPs). While each SNP has usually only two alleles, it is their number, ability to detect heterozygous regions (and hence to exclude linkage), and
Original research article amenability to automated scoring that provides their potential in pinpointing homozygous regions. Homozygosity mapping in consanguineous families typically yields ROHs extending up to dozens of centimorgans and containing numerous positional candidate genes. Sanger sequencing of these regions is costly, labor-intensive, and often requires prior functional prioritization of the genes to be analyzed. The introduction of next-generation sequencing (NGS) allows simultaneous, unbiased, and fast analysis of all genes within the regions of interest. Yet NGS poses its own challenges by yielding too many sequence variations, including errors, making it difficult to distinguish the diseasecausing mutation among them. Combining homozygosity mapping with NGS provides a powerful tool to narrow down the list of candidate variants and greatly facilitates gene discovery. With rapidly decreasing costs and increasing throughput of NGS technologies, it became attractive to apply homozygosity mapping directly on whole-exome sequencing (WES) data, without the need of prior SNP genotyping. Several computer programs have recently been developed or adapted to assist in ROH identification of WES data, including GERMLINE, 6 AgileGenotyper/ AgileVariantMapper, 7 HomSI, 8 HomozygosityMapper, 9 and H 3 M 2 , 10 each of which demonstrates specific limitations. Lower performance of the GERMLINE algorithm in comparison to PLINK 11 and BEAGLE has been shown for SNP arraybased ROH analysis. 12 The GERMLINE software has been adapted to analyze WES data; however, the accuracy of ROH detection remained prohibitively low. 6 Magi et al. 10 2 method is that it exploits all the 1000 Genome Project SNPs for map construction, resulting in the majority of the SNPs being uninformative and yielding false-positive results. 13 Carr et al. 7 described the programs AgileGenotyper and AgileVariantMapper for extraction of SNP genotypes from WES and graphical visualization of homozygous regions. A similar graphical output is created by HomSI. 8 Both AgileGenotyper/AgileVariantMapper and HomSI were able to retrieve the homozygous regions containing the diseasecausing mutations from WES data. Nevertheless, their output data requires visual inspection and subjective interpretation. Seelow et al. 9 presented a new version of the Web-based tool HomozygosityMapper, which allows detection of homozygous stretches from NGS data.
A common limitation of the software listed above is that none of them performs quality filtering (QF) for the SNPs extracted from WES data, for example, based on genotype quality or presence in repeated sequences. WES data are known to generate many false-positive variant calls as a result of sequencing artifacts, misalignment, and other factors.
14 Therefore, QF of the data is necessary to minimize the spurious calls that could break up the homozygous regions.
The variety of parameters and methods used for SNP extraction and ROH detection hinders the comparison between different studies and challenges researchers in their choice. 12, 13 In this work we aimed to define optimal parameters for homozygosity mapping on WES data using PLINK, one of the state-ofthe-art software programs for this type of analysis. 12 We used as a test set SNPs retrieved from microarray data and WES in a group of families with AR forms of Charcot-Marie-Tooth disease (CMT) and hereditary spastic paraplegia (HSP). Both disorders share common clinical features and genetic causes, and result from a length-dependent, dying-back degeneration of peripheral or corticospinal axons, respectively.
15

MATeRIALs AND MeTHODs subjects
This study included a total of 15 patients (12 families) who have suggestive AR inheritance, belong to consanguineous families and/or inbred minorities (Roma, Turkish), and are affected with HSP or CMT. All participating individuals underwent standard clinical examination performed by experienced neurologists. Two families with CMT were diagnosed with a demyelinating hereditary motor and sensory polyneuropathy (CMT type I), six with axonal CMT (CMT type II). One family with HSP had a pure HSP phenotype; the remaining ones were classified as having complicated forms ( Table 1) . The study was approved by the local ethics committees, and all individuals provided blood samples after signing an informed consent form. DNA was isolated using standard protocols.
Ten of the 15 patients were analyzed by both SNP array and WES, and five by WES alone ( Table 1 2) were used to validate the optimal parameters. Two subjects were included as positive controls since their causative mutations had already been identified as residing in the largest homozygous region (CMT-2.1) and in a region only 1.7 Mb in size (CMT-3.1), respectively. In the 13 remaining patients the causative mutations were unknown before this study.
Relatedness was estimated using WES data, as previously described. 16 
sNP genotyping and Wes
Whole-genome SNP genotyping was performed using the Illumina HumanOmniExpress BeadChip. Genotypes were called using the GenomeStudio software, version 2011.1 (Illumina, San Diego, CA). The overall call rate for all individuals was >99%.
Exon sequences were captured by SureSelect Enrichment array (Agilent, Santa Clara, CA) followed by paired-end HiSeq2000 sequencing, yielding ~6 Gb of raw data with 90% of the target region covered ≥20×. Primary analysis was performed using a software pipeline, developed in house, called Original research article GenomeComb 17 (under condition of GPL; available at http:// genomecomb.sourceforge.net), which allows comparison, annotation, and filtering of NGS data. The pipeline used the BurrowsWheeler algorithm, version 0.7.5a, 18 to align sequencing reads to the reference human genome (hg19). Duplicate reads were marked using Picard, version 1.87 (http://broadinstitute.github. io/picard/); GenomeAnalysisToolKit (GATK), version 2.4-9 (ref. 19) , was used to perform realignment around insertions/ deletions. Variants were called using both GATK and Samtools, version 0.1.19-44428cd, 20 and were consequently combined and annotated with a variety of different databases (in-house exomes, dbSNP, 1000 Genomes Project). GenomeComb was also used for the selection of SNPs from all individuals with available WES data. We extracted the genotypes from all loci that showed a variant call in at least one individual per family.
Detection of homozygous regions
PLINK, version 1.07, was used to assess the individual ROHs and the ones shared between siblings. Homozygosity mapping based on SNP array data was performed as described previously. 21 To measure the accuracy of ROH detection from WES data, we used the SNP array data as a reference and estimated the specificity and sensitivity of detection as follows: We defined false-positive ROH as present in WES-derived data, but not in the SNP array-derived data, and false-negative ROHs were the ones found in SNP array-derived and not in WES-derived data. The Z-test 22 was used to assess the differences between the mean sensitivity/specificity estimated in the training set versus the test set of individuals.
For the performance comparison with HomozygosityMapper and H 3 M 2 , default parameters were used for both programs. HomozygosityMapper's settings included a minimum coverage of 10 reads per nucleotide and no lower limit of the block length. Genotypes at positions that varied from RefSeq were extracted, as suggested when no unaffected relatives are available. For H 3 M 2 , we used the recommended parameters DNorm = 100,000, P1 = 0.1, and P2 = 0.1.
Mutation analysis
All potential pathogenic variants in known HSP or CMT genes identified by WES were validated by bidirectional Sanger sequencing. The polymerase chain reaction products were purified with ExoSAP-IT (USB, Cleveland, OH), directly sequenced with a Big Dye Terminator kit version 3.1 (Applied Biosystems, Foster City, CA), and electrophoretically separated on an ABI3730xl DNA Analyzer (Applied Biosystems). Mutations were described and classified according to the Human Genome Variation Society nomenclature (http://www.hgvs.org/mutnomen) and the American College of Medical Genetics and Genomics guidelines, 23 respectively. Cosegregation analysis of the variants with the disease was performed for all available family members. The novel mutations were screened in 50 Roma or 190 Turkish unrelated control individuals. Computational prediction of the pathogenicity of the missense changes was performed using Condel (http:// bg.upf.edu/fannsdb) and Meta-SNP (http://snps.biofold.org/ meta-snp), and NetGene2 (http://www.cbs.dtu.dk/services/ NetGene2) was used for the splice-site alteration.
ResULTs sNP extraction parameters
To evaluate the effect of QF on the accuracy of ROH detection, we applied six levels of stringency in SNP extraction from the WES data of our training set (individuals HSP-1.1, CMT-1.1, CMT-1.2, CMT-2.1, CMT-3.1). The levels are based on different combinations of the following quality filters: the GATK "pass" status, consensus calling of the SNPs by the GATK and Samtools variant callers, presence of the SNPs within simple repeats or microsatellites, and genotype quality >40 (Supplementary  Figure S3 online) . For testing the QF, ROHs were detected using PLINK with 10 SNPs defining a ROH, 20 SNPs defining a sliding window, minimum density of one SNP in 10,000 kb, maximum gap of 10,000 kb. For each condition we estimated the sensitivity and specificity of ROH detection, allowing one, two, or three heterozygous SNPs per window. Although varying the number of heterozygous SNPs resulted in a reasonable range of sensitivity (82-94%), the specificity for two or three heterozygous SNPs was prohibitively low (43-73%). The highest QF stringency combining all filters provided the best results in terms of equilibrium between sensitivity (86%) and specificity (82%), underscoring the importance of extracting highquality SNPs. Dropping the consensus filter retained identical specificity but lowered sensitivity by 1%. All subsequent analyses were performed using the highest degree of QF stringency.
Optimization of homozygosity mapping on Wes data
To determine the optimal parameters for homozygosity mapping using PLINK, multiple combinations of parameters were tested in our training set ( Table 2 ). The number of SNPs defining an ROH (10 SNPs) and a sliding window (20 SNPs) were decreased compared with the SNP array analysis in order to keep a ratio similar to that between the number of SNPs extracted from WES data (~150,000 SNPs) and the ones present in the SNP array (715,000 SNPs). The other parameters were varied (minimum density, number of heterozygous SNPs per window, and maximum allowed gap). Using a minimum SNP density of 1 in 50, 100, 200, and 10,000 kb, we saw that a lower-density threshold resulted in an increase of the sensitivity, whereas the specificity was comparable (Figure 1) . This means that more ROHs were found, without including too many false-positive regions. Also, there was no obvious difference between the results with a SNP density of 1 in 200 kb and 1 in 10,000 kb.
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Allowing a higher degree of heterozygous calls per window (one to three) decreased the number of false-negative regions, but at the same time the false-positive ones were enriched. This is illustrated by the slight increase in sensitivity and significant decrease of specificity (Figure 1) .
PLINK splits a homozygous region when two SNPs are located farther apart than the given threshold for the allowable gap. Although increasing the maximum gap size (1,000 to 10,000 kb) had no effect on specificity, it did cause an increase in sensitivity. This implies that more homozygous regions were included with a comparable percentage of falsepositives results. In addition, we did not detect a substantial difference in the ROH selection between an allowed gap of 4,000 and 10,000 kb.
Evaluation of all combinations of parameters revealed six conditions with both high sensitivity and specificity (~80%). These conditions included a gap of 2,000, 4,000, or 10,000 kb, allowing only 1 heterozygous SNP per window, and a density of 1 in 200 or 10,000 kb. There is a small increase in sensitivity using a gap of 4,000 compared with 2,000 kb. For the extreme parameters (10,000-kb gap, 1 SNP/10,000 kb), we observed no difference compared with the more stringent setting. Therefore, we selected as optimal the following parameters: gap of 4,000 kb, 1 heterozygous SNP per window, and density of 1 in 200 kb.
To check the reproducibility of the results, five individuals who were not included in the optimization (CMT-4.1, CMT-5.1, CMT-6.1, CMT-7.1, CMT-8.1) and who had both SNP and WES data were used as a test set; they were analyzed with the determined HOMWES parameters (Table 2, Figure 2 ). Specificity and sensitivity were not significantly different between the subjects of the training set versus the test set (P = 0.81 and P = 0.58 for sensitivity and specificity, respectively). This implies that our parameters, and therefore our analysis, provide reproducible results. Overall, comparison of WES-and SNP arrayderived homozygous regions demonstrated a high specificity (83.0 ± 5.1%) and sensitivity (84.7 ± 3.9%) of the method for all individuals. The optimized parameters were integrated into the HOMWES tool in the GenomeComb package (version 0.11.0) for genomic data analysis.
Although we used two different variant callers (GATK and Samtools) in our filtering pipeline, variant call format files are routinely generated using one variant caller only. The initial filtering test did not show large differences between high degrees of QF stringency using one or two variant calling software (Supplementary Figure S3 online) . For that reason, we performed ROH detection using the HOMWES tool with only one variant caller for the 10 individuals with both SNP and WES data. The results when applying GATK, Samtools, or both showed similar specificity (82.5 ± 5.1, 83.7 ± 9.2, and 83.0 ± 5.1%, respectively) and sensitivity (84.6 ± 4.2, 79.8 ± 11.8, and 84.7 ± 3.8%, respectively). HOMWES can thus be applied to typical variant call format files from a single variant caller without a significant loss of performance. Table S1 online) by SNP array-based homozygosity mapping and Sanger sequencing. These patients served as positive controls for the chosen parameters. The HSPB1 mutation was located in the largest homozygous region found in CMT-2 (32.9 Mb) based on the array data. Using our optimal HOMWES conditions, the pathogenic variant was located in a 9.9-Mb region, ranked as the 11th largest homozygous region because of the fragmentation affecting larger regions ( Table 1; Supplementary Table S2 online; see Discussion). In CMT-3, the causative mutation in PRX was found in a region only 1.7 Mb in size;, the largest ROH was 19 Mb. This region and the associated mutation were successfully retrieved with our HOMWES analysis.
In addition, in four families (CMT-8, HSP-2, HSP-3, HSP-4) novel pathogenic variants were identified in known CMT or HSP genes ( Table 1; Supplementary Table S1 online). The clinical features of the patients with novel mutations are summarized in Supplementary Tables S3 and S4 online. For one family (CMT-8), for which both SNP and WES data were available, the mutation was found in one of the largest homozygous regions defined by both approaches (GAN c.140T>C, p.I47T) . In three additional families, we successfully identified the diseasecausing mutation in the ROHs generated exclusively from WES data (HSP-2: GBA2 c.451+2T>C; HSP-3 and HSP-4: ZFYVE26 c.2639T>C, p.L880P). The ZFYVE26 mutation is located in one of the largest homozygous regions (HSP-3: 9.8 Mb, HSP-4: 9 Mb), whereas the mutation in GBA2 was identified in a region of only 2.5 Mb (rank: 41). The ZFYVE26 variant was found to reside on a shared haplotype between the two Roma families, who were known to be distantly related (Supplementary  Figure S2b online) . Our relatedness calculations revealed a proportion of identical by descent alleles between HSP-3.1 and HSP-4.1, corresponding to an approximately first-cousin relationship (Supplementary Table S5 online).
All mutations segregated in additional family members and were not present in 1000 Genomes Project; National Heart, Lung, and Blood Institute Exome Variant Server; or populationmatched controls (Supplementary Figures S1 and S2 online; Supplementary Table S1 online). The GBA2 c.451+2T>C variant is situated in the canonical donor splice site of the second exon-intron junction of GBA2, and skipping exon 2 would result in a frameshift and stop codon 26 amino acids after exon 1. Alternatively, intron 2 retention would also create a stop codon 140 nucleotides after the splice site. No material from the patients was available for testing these predictions.
All variants are predicted to be deleterious, affect evolutionary conserved nucleotides and amino acid residues, and are classified as "pathogenic" or "likely pathogenic" according to the American College of Medical Genetics and Genomics guidelines (Supplementary Table S1 online).
HOMWes performance compared to HomozygosityMapper and H
The accuracy of ROH detection was compared between HOMWES and HomozygosityMapper or H 3 M 2 using the individuals for whom both SNP array and WES data were available. As shown in Figure 3, with the default PLINK parameters also was included for completeness ( Figure 3) . It showed lower performance with a huge decrease in sensitivity (mean of 31.22 ± 24.75%), despite a slightly higher specificity (87.92 ± 31.05%).
DIsCUssION
Recent literature and our own experience suggest that gene hunting is most successful in families with AR conditions in whom homozygosity mapping can be applied, as this positional cloning approach dramatically reduces the number of variants requiring genetic and functional validation. 21, 26, 27 Here we evaluated the performance of different SNP extraction strategies and PLINK parameters for homozygosity mapping, using WES data of patients with AR HSP and AR CMT. We determined the parameters for detection of ROHs from WES data with high sensitivity (84.4%) and specificity (82.4%), using high-density SNP arrays as a reference, and implemented them in the publicly available HOMWES tool. In the first step of HOMWES analysis, highquality data are selected for further processing by including only SNPs with GATK "pass" status, genotype quality >40, not situated within microsatellites or simple repeats, and having consensus calls by GATK and Samtools. Next, homozygosity mapping is performed with PLINK using the optimized parameters summarized in Table 2 . In our data set, this reduced the regions to be examined by more than 85%. Inclusion of additional affected family members (when available) further decreased the candidate regions, as illustrated in Table 1 . Limiting validation and analysis of potential disease-causing mutations to those located within ROHs resulted in a three-to sixfold decrease in candidate variants per individual (Supplementary Table S6 online).
We were able to retrieve all homozygous regions in the control families with a mutation in known CMT genes, based on the WES data. In family CMT-3, the mutation in PRX was identified in a region only 1.7 Mb in size, which is below the standard homozygosity mapping detection thresholds. 28, 29 Moreover, in four families, our approach led to the identification of novel pathogenic variants in known HSP and CMT genes.
The p.I47T in GAN was found in two pairs of siblings in the same family of Turkish origin who were diagnosed with an axonal form of CMT. Mutations in GAN have been associated with giant axonal neuropathy type 1, a chronic polyneuropathy of childhood that affects both the peripheral and central nervous systems. The phenotype of our patients is compatible with the clinical presentation attributed to mutations in this gene.
The c.451+2T>C variant in GBA2 was identified in two siblings of Roma origin who were affected by complicated HSP accompanied by cerebellar ataxia and mild axonal polyneuropathy. Mutations in GBA2 have been associated with SPG46 (complicated HSP with ataxia, mental impairment, and cataracts) 30 and a recessive form of cerebellar ataxia with neuropathy and spasticity. 31 The majority of the identified mutations, similar to the variant described here, cause loss of function of the protein.
The p.L880P substitution in ZFYVE26 was identified in two related Roma pedigrees. The two younger affected individuals had pure HSP at the time of the diagnosis (4-6 years after clinical onset), whereas the oldest patient developed a complex phenotype with axonal polyneuropathy, a thin corpus callosum, and white matter lesions on neuroimaging. ZFYVE26 defects are the second most common cause (after SPG11) of complicated HSP with a thin corpus callosum. 32 Only one missense mutation in ZFYVE26 (p.Ile508Asn) has been reported previously. All the remaining described variants cause truncation of the protein, pointing to a predominant loss-of-function mechanism. 33 Notably, our study is the first report of GBA2 and ZFYVE26 mutations causing HSP in the Roma population.
Several homozygosity mapping methods based on WES have been developed. We compared the performance of our protocol with only HomozygosityMapper and H 3 M 2 , since the others (AgileGenotyper/AgileVariantMapper and HomSI) have only a graphical output that cannot be used for objective comparisons. All three algorithms achieved comparably high sensitivity, but regarding the specificity, our method outperformed the other two. HomozygosityMapper failed to detect the 1.7-Mb ROH containing the PRX mutation in CMT-3. H 3 M 2 found all the regions with the disease-causing mutation in the studied families and showed the highest sensitivity, but at the price of an almost twofold reduction in specificity. One explanation for this low performance might be the enrichment of the H Despite our efforts to select optimal ROH detection parameters, the established protocol still imposes certain limitations. One obvious problem concerns the SNP distribution. WES provides SNPs located exclusively in exonic regions, whereas the SNP arrays yield markers evenly distributed across the genome. This creates difficulties in delineating ROHs encompassing fewer genes. A second drawback concerns the number and size of the homozygous regions. We observed an increase in the number of ROHs based on WES compared with SNP arrays (~21%), whereas the total size of the homozygous regions remains similar ( Table 1 ). These differences reflect the tendency of large ROHs to be fragmented into several smaller ones by PLINK (Supplementary Table S2 online), which is largely a result of the presence of errors in WES data. Nevertheless, in our experience, the breaks between the fragmented regions are usually less than 1 Mb, allowing the recognition of the large regions upon manual examination.
Another consideration is related to the false-negative and falsepositive results associated with smaller ROHs (<5 Mb, average size 1.57 Mb). The larger regions are found in a consistent way by both WES-and array-based analysis. So we sought to determine whether false-positive and false-negative regions result in loss or gain of homozygous variants. To test this, we selected two affected individuals from CMT-1 and filtered the variants in all
